ABSTRACT: How does the brain tell the eye where to go? Classical models of rapid eye movements are lumped control systems that compute analogs of physical signals such as desired eye displacement, instantaneous error, and motor drive. Components of these lumped models do not correspond well with anatomical and physiological data. We have developed a more brain-like, distributed model (called a neuromimetic model), in which the superior colliculus (SC) and cerebellum (CB) play novel roles, using information about the desired target and the movement context to generate saccades. It suggests that the SC is neither sensory nor motor; rather it encodes the desired sensory consequence of the saccade in retinotopic coordinates. It also suggests a non-computational scheme for motor control by the cerebellum, based on context learning and a novel spatial mechanism, the pilot map. The CB learns to use contextual information to initialize the pilot signal that will guide the saccade to its goal. The CB monitors feedback information to steer and stop the saccade, and thus replaces the classical notion of a displacement integrator. One consequence of this model is that no desired eye movement signal is encoded explicitly in the brain; rather it is distributed across activity in both the SC and CB. Another is that the transformation from spatially coded sensory information to temporally coded motor information is implicit in the velocity feedback loop around the CB. No explicit spatial-to-temporal transformation with a normalization step is needed.
INTRODUCTION
Historically, models of the neural control of movement have been designed with classical systems or control theory principles in mind. [1] [2] [3] [4] [5] [6] [7] All of these models require the computation of a desired eye displacement signal (e.g., target eccentricity on the retina processed by a sensory-motor transformation). 8 Desired displacement is then fed into an inverse kinematic controller that computes the innervation required to make that eye movement. 1, [9] [10] [11] [12] Models also must include a spatial-to-temporal transformation (STT) 13 because sensory information is present in the brain on spa-tially distributed maps (e.g., on the retina), whereas movements are represented by the firing rates of motor neurons. In most models the STT is performed by a special block that uses an explicit normalization procedure. 14 Other approaches to the control of movement have been proposed that do not depend upon all the features of classical, hierarchical models. Houk et al. 15 proposed that movement depended upon motor learning in the cerebellum to modulate reverberatory, positive feedback pathways to control movements. Others proposed distributed models of the superior colliculus that enclose its movement map in a feedback loop. 4, [16] [17] [18] [19] However, none of these distributed models have discussed how the desired eye movement or the STT might be represented in the brain.
Recently, we proposed a distributed model of the saccadic pulse generator 20, 21 that used distributed maps in the frontal eye fields (FEF), lateral intraparietal cortex (LIP), superior colliculus (SC) and the cerebellum (CB) to control movements. Study of this model reveals that although it reproduces saccades and neural activity very well, it does not compute any of the signals present in classical models. Instead, it uses cooperation between areas that learn to recognize specific movement contexts and areas that generate motor drive signals.
This paper will explain how our model achieves saccadic accuracy without computing a desired eye movement, motor error or inverse or forward kinematic signals. It also shows how an essential function of the brain, converting sensory information on maps into firing rates of motor neurons, can be carried out without an STT module that performs an explicit normalization step.
METHODS
Simulations were produced with a program written in Matlab (The MathWorks, Inc., Natick, MA) and the C programming language, modified from a previous simulation of our neuromimetic model. 20, 21 The modifications allowed the initial locus of activity on the target map (a 33 × 33 element matrix) in the SC and on the pilot map (a 33 × 33 element matrix) in the CB to be set independently. For other details, see Lefèvre et al. 20 
RESULTS

Neuromimetic Model
This section presents an overview of the saccadic system model we recently proposed, 20, 21 emphasizing those elements of the model needed to generate the pulse of innervation for a visually guided saccade. A functional diagram of our model of the saccadic system is shown in FIGURE 1. The model consists of cerebral cortical regions (FEF and LIP) that provide information to both the SC and the CB about the retinal location of the target to be foveated. The outputs from the SC and the CB project to the brain stem premotor nuclei that drive the eye.
The SC produces three signals. The first is a veto signal from fixation cells in the rostral SC, which are tonically active between, and silent during, saccades. This signal directly excites the omnipause neurons (OPNs), which strongly inhibit the sac-cadic premotor, medium-lead, burst neurons (MLBNs) carrying the pulse of innervation required to make a saccade. The SC also provides part of the pulse of innervation to the MLBNs. This signal is probably conveyed through the long-lead burst neurons. 22 As this drive signal is simply a weighted sum of all the activity on the SC map, this pathway has strong convergence. Originally we called this a directional drive, but it could also be called a retinal drive, as it simply generates a change in muscle tension determined by the locus of activity on a retinotopic map. This interpretation is consistent with studies showing that saccades evoked by electrical stimulation are better correlated with movements in retinal coordinates. 23, 24 Note that retinotopic information alone is, in general, insufficient to specify the eye movement. Knowledge of eye position is also needed, because of the noncommutativity of rotations in three dimensions. 8 The retinal drive's direction is determined by the lateromedial location of the activated site, whereas its intensity is a function of both the rostrocaudal location of the active site and the level of activation.
The retinal drive signal is excitatory, peaks at saccade onset, decays throughout the saccade, but is not over by saccade end. Finally, the SC provides to the CB FIGURE 1. Schematic diagram of a neuromimetic model of the saccadic system. Regions of cerebral cortex (e.g., frontal eye fields, FEF; lateral intraparietal sulcus, LIP) provide target location information to both the SC and the CB. The SC and CB have multiple functions. The caudal SC drives the eye toward the target in retinal coordinates (Drive); the rostral SC contains fixation neurons, which prevent saccades from occurring (Veto). The contralateral CB drives the eye toward the target in motor coordinates (Drive); the ipsilateral CB stops the movement by choking off the drive signal (Choke). Omnipause neurons (OPNs) act as a gate to prevent saccades. Medium lead burst neurons (MLBN) provide the pulse of innervation to the motor neurons needed for saccades. (Dotted gray arrows indicate inhibitory pathways, black arrows show excitatory pathways; black dashed arrows show velocity feedback and spread of activity across CB).
(through the nucleus reticularis tegmenti pontis, NRTP) information about which target was selected. This information is distributed, with the projection of SC cells diverging widely in the cerebellum. This pathway provides a signal encoding the location of the desired, or selected, target in retinal coordinates (what to look at). This role is consistent with recent studies showing that the activity of the SC is related to the likelihood that a stimulus will be selected for a saccade. [25] [26] [27] The role of the CB is more complex, and it varies during the movement. The CB learns to use contextual information to choose the initial locus of activity on a spatial map, which determines the pilot signal that will guide the saccade to its goal. During the first part of the saccade, the contralateral CB drives the excitatory MLBNs ipsilateral to the movement, increasing the initial acceleration of the eyes. This signal can also be considered a directional drive; the main difference between the collicular and the cerebellar drives is that the direction of the former is fixed, whereas the direction of the latter can be modified during a saccade. This allows the CB to compensate for different contexts (e.g., initial eye positions) and movement errors, and guide a saccade to its final position. The output that steers the eye is in motor coordinates, and we call it a pilot drive. Toward the end of the saccade, the ipsilateral CB begins activating the inhibitory MLBNs contralateral to the movement, choking off the drive to the motoneurons and stopping the movement. Thus, the overall cerebellar contribution is positive at the beginning of the movement, but negative at the end. The movement is over when this negative contribution offsets the positive drive coming from the SC and the contralateral CB. In this scheme, the CB is the structure that monitors feedback information, steers the movement, and decides when it is time to terminate the movement, determining its exact metrics. Note that this model guarantees accuracy by using local feedback information. However, that information is not fed to a comparator, the cornerstone of classic feedback control systems. 12 Instead, it causes activity to spread through the CB (see below). This is one of the major differences between our model and most lumped models. Thus, the CB replaces the classical notions of a displacement, or resettable integrator 3 and a comparator 1 with the dynamically evolving state of the pilot map.
In our model the speed with which the transition from driving to choking occurs is a function of the intensity of the pulse. As there is a direct proportionality between the pulse and the speed of the movement, 28 the faster the movement, the faster the transition. Accordingly, there is going to be a correlation between the duration of the saccade and the population activity of the CB (which has been confirmed by recent studies of Purkinje cells in the vermis 29 ).
Finally, in our model the CB also provides a signal to the rostral SC that encodes, in a very approximate way, the progress of the saccade toward the target. This signal reduces the activity in the caudal SC because of reciprocal inhibition between rostral and caudal SC neurons. One effect of this reduction is that during the movement the SC drive is gradually weighted less than the CB drive, facilitating steering. The other effect is that at the end of the saccade the fixation neurons in the rostral SC can resume firing immediately, exciting the OPNs and preventing ocular oscillations.
Achieving Saccade Accuracy
The goal of the saccadic system is to produce fast and accurate movements. As noted above, in our model the NRTP sends a signal encoding the location of the tar-FIGURE 2. Effect of additional information on CB activity. (A) Loci of activity on the SC and CB maps. Desired target information excites both the vermis and the fastigial nucleus (FOR) over a broad range. Inhibition from the vermis (dotted gray arrows) prevent the FOR neurons from firing, except at the locus appropriate for the movement. As the saccade proceeds, a wave of inhibition sweeps across the vermis, allowing a wave of excitation to sweep across the FOR. The saccade ends when the choke overcomes the drive contributing to the Pulse. The solid disks indicate initial loci of activity, dashed circle shows final locus of activity. (B) When additional information is available (e.g., initial eye position or target velocity), the CB uses learned associations to cause the initial locus of activity on the pilot map to shift. In this example, the initial locus shifts from the solid disk to the hatched disk, which would make the movement smaller. get in retinal coordinates to both the vermis and the fastigial nucleus (more precisely, to the caudal subdivision of this nucleus, the so-called fastigial oculomotor region or FOR 30, 31 ). We posit that the FOR acts as a topographically organized map, sufficient for all directions of movement. (Recent evidence suggests that the ventral posterior interpositus nucleus might be involved in vertical saccades, 32 but this nucleus is not yet included in our model.)
Different NRTP neurons project, in a topographically organized manner, to different cerebellar neurons. We propose that the projection spreads widely across this map, so that for each target location a large fraction of the neurons receives excitatory inputs. The same divergence occurs in both the vermis and FOR. However, we assume that the inhibition from the vermis (FIG. 2A, gray dashed lines) overcomes the excitation to the FOR, so that those cells are initially silent.
Just before the beginning of the movement (e.g., a 20º rightward saccade), the vermis releases inhibition at a site in the contralateral FOR whose location is a function of the desired displacement of the eyes (FIG. 2A , black disk in left FOR). In the first phase of the movement this activity will excite the contralateral MLBNs, thus driving the eyes in the appropriate direction. As the movement progresses, feedback from the brain stem about saccade velocity causes a wave of inhibition to sweep across the vermis (FIG. 2A, black dashed arrow) . This wave in the vermis sequentially disinhibits neighboring parts of the FOR, so that the FOR activity appears to spread towards the opposite side. If the trajectory of the saccade is in error, say too far upward, the feedback signal will push the activity on the pilot map upward, which will drive the eye down, thus compensating, at least partially, for the error. 20,33. Eventually the ipsilateral side of the FOR is activated (FIG. 2A, dashed circle) . However, the projections from the ipsilateral side go to the inhibitory MLBNs on the contralateral side, and thus this activity reduces the pulse. As the inhibition grows, the pulse shrinks, until it gets to zero and the saccade ends. At this point the activity in the FOR stops spreading and slowly decays toward zero. Because the speed of this spread is directly proportional to the pulse (and thus to the speed of the movement), if the movement is fast, the activity will reach the other side quickly, whereas if it is slow it will reach there more slowly. Thus, the duration of the movement is inversely proportional to its speed, keeping the amplitude constant.
The Desired Displacement Signal
For this scheme to work, the CB must know, or must be able to infer, the desired displacement of the eyes. However, in our model this signal is not readily available, as the SC and the other cortical structures encode the location of the selected target in retinal coordinates, not the amplitude of the movement required to foveate it. Under the simplest behavioral paradigm (i.e., saccades directed to a stable target when the eyes are in primary position) these two signals coincide, but simple (and realistic) paradigm changes can break that equality.
Consider, for example, saccades to smoothly moving targets, or saccades to a target that is suddenly jumped, in a predictable (but not necessarily perceivable) fashion, during a saccade. It is well known that, in both cases, subjects can make a saccade straight to the final location of the target. It has also been shown that, as we posit in our model, under those conditions the collicular site activated encodes the location of the target and not the desired movement. 24, 34, 35 Thus, how does the brain know how to move the eye?
In our model, the CB receives inputs from the cerebral cortex and superior colliculus that only encode the location of the target in retinal coordinates. To guarantee that the appropriate movement is produced, other information, such as the speed of the target, the initial position of the eyes, and perhaps some information about the required behavior (i.e., the movement task) must also be provided. FIGURE 2B shows such additional information coming into the CB. In our model, the CB learns to use the target, context, and feedback information to initialize and update the state of the pilot map. The way in which the CB uses this information is fairly simple, and it can be easily explained through an example.
Suppose that a target appears in the periphery and moves toward the fovea with a predictable velocity. In this case, the SC represents the desired target by activity at a locus corresponding to the initial target location in retinotopic coordinates (e.g., the black disk in FIGURE 2B). We propose that the additional information about the target speed, conveyed to the CB by the pontine nuclei, 36 is used by the vermis to cause the initial locus of activity in the contralateral CB to shift toward the midline (e.g., the hatched disk in FIGURE 2B). The faster the target, the larger the shift. As the eye starts moving, the velocity feedback causes the activity to spread; however, because the site initially activated is more medial, the activity reaches the ipsilateral CB earlier, ending the saccade sooner and making it smaller than expected from the active site in the SC. The movement will thus have a shorter amplitude than required to fixate a stationary target, because the additional information about target motion was used to move the cerebellar site initially activated closer to the midline. It is the role of the cerebellar cortex to learn to associate different inputs and contexts with different initial sites of CB activity, thus determining saccade amplitude and direction.
Distributed Displacement Signals
One might be tempted to conclude that, in our model, the initially active cerebellar site encodes the desired displacement of the eyes. However, a closer inspection reveals that such a conclusion is unwarranted. Consider, for example, a 15° and a 20°s accade to stable targets (FIG. 3A, black solid and open symbols: + is fixation point, * is target). The SC and CB sites initially active would be the ones indicated in FIG-URE 3C (dark gray and hatched disks). Now, consider a saccade directed to a target that starts 20° away from the fovea but moves towards the fovea at 50°/s (FIG. 3A,  gray symbols) . Suppose the time to acquire the target is 100 ms. Then, only a 15°s accade is needed, because the target will move 5° closer before the saccade gets there.
In this case, the SC site activated is the same as for the stable 20° target, because the SC only encodes which target to acquire, and at the beginning of the decision process that target is at 20° (FIG. 3C, dashed circle) . However, the CB site initially activated (FIG. 3C , light gray disk) needs to be much closer to the midline than it was for a stable 15° target (FIG. 3C, hatched disk) , even though the movement to be generated is the same, because the collicular drive coming from the 20° site will be stronger than that from the 15° SC site. Thus, the amplitude of the eye movement is a weighted average of the initial loci in the SC and the CB. As this example shows, in our model there is no explicit representation of the desired displacement signal.
This signal is only implicit, and it is distributed across both the SC and the CB. No single area carries enough information to determine the desired eye movement.
An example of the hypothetical movements in this case are shown in FIGURE 3B. Note that we expect the initial speed of the 15° saccade to the moving target to be faster than the initial speed of the 15° saccade to the stationary target. This is because the drive from the SC comes from the 20° locus, which has a stronger projection to the brain stem than does the 15° site. The current implementation of our model does not contain a pursuit system. However, we can simulate the effect of dis- Activity in the SC appears, and remains, at the site corresponding to the initial visual location of the target. Activity in the CB for stationary targets is initially at the site on the pilot map corresponding to the site in the SC (dark gray and hatched disks). By the end of the movement, activity will spread to the ipsilateral side (dashed circle). For a target at 20° approaching at 50°/s, only a 15° saccade is required (B, gray traces). The SC activity reflects only the initial position of the target (20°, dashed circle). The initial locus in the CB needs to be closer to the midline (10°, light gray disk) than for a 15° saccade to a stable target (hatched disk), because the output of the SC at the 20° site is larger than the output at the 15° site. Note that none of the initial loci of activity correspond to the desired eye movement when the target is moving. Thus, the representation of desired ocular displacement is in neither the SC nor the CB, but is implicit in the distribution of activity across both the SC and the CB.
placing the initial locus of activity on the CB toward the midline. FIGURE 4 shows three simulated saccades. Note that the initial speed of the 15° saccade to the moving target is slightly faster than the initial speed of the 15° saccade to the stationary target.
The Spatial-to-Temporal Transformation
The superior colliculus is commonly assumed to encode a desired target with a population code, such as the center-of-gravity, [37] [38] [39] or more precisely, the center-ofactivity (COA). To determine the COA of a population, a calculation is required that includes a normalization step. In one dimension, if u is the distance from rostral to caudal on the SC, and if f(u) is the activity of a neuron at u, then the COA is given by:
The numerator of this equation is the weighted sum of all the activity on the SC map, whereas the denominator is just the sum of all the activity on the map. The denomi- there is no pursuit system in this model, so the saccade is not followed by a pursuit movement, as predicted from FIGURE 3B.) The shorter movement resulted from shifting the initial locus of activity on the pilot map in the CB closer to the midline.
nator is a normalization factor that requires a division operation. As a consequence of this normalization, the drive from the STT to the premotor neurons would be independent of the activity level in the SC. In fact, the activity of SC neurons is not constant, but depends upon experimental conditions. For example, SC activity is larger for a visually guided than for a memory guided saccade, and speeds are faster. [39] [40] [41] [42] If the brain performed a normalizing operation in the STT, saccades would always have the same speed for a given amplitude, independent of the level of SC activation. However, it is well known that saccade speed does vary with the level of SC activation. 43 In our model, no division operation is needed, because there is no normalization step. The SC signal to the brain stem provides a drive signal, and a stronger level of SC activity will indeed lead to a faster saccade. However, the SC signal to the CB is a projection from one map to another. In this case, the level of activity is irrelevant. Thus, in our model the eye gets on target because the velocity feedback from the brain stem to the CB shifts the activity on the pilot map. (Note that in earlier models a spread of the map on the SC was proposed, 4, 16, 18, 19, 44 but such a spread is inconsistent with lesion experiments in the SC. 45 ) In our model, no explicit STT is required, because the signal encoded spatially on the SC (i.e., the retinal location of the target) does not shift and is never converted into a temporal code. An STT is needed if, and only if, the same signal (e.g., retinal location of the target or desired displacement) is encoded in both the spatial and temporal domains. In our model, the pilot map itself is updated dynamically, so no signal appears in both spatial and temporal domains.
DISCUSSION
Our neuromimetic model is based on what is known about the physiology and anatomy of the saccadic system, and we propose that the superior colliculus represents a target map and the cerebellum a pilot map. In this model, the signals are somewhat unorthodox. Instead of a desired eye displacement motor command, there is only a desired, or selected, target signal (in retinal coordinates) and a distributed motor command. The neurons in the SC and the CB give rise to multiple signals, because their outputs go to many different structures (SC: veto, what, and retinal drive; CB: progress, choke, and pilot drive). The most common elements of classical models, the dynamic motor error, the comparator that computes it (as the difference between desired eye displacement and current displacement), and the displacement integrator are not even represented in our model. 12 Instead, their roles are played by a dynamic pilot map, which uses associative learning of target inputs, movement context and velocity feedback to initialize and update its state during the movement. The spread of activity in the CB replaces the displacement integrator in classical models of the saccadic system, which was necessary to keep track of saccade's progress and provide the current displacement signal to the comparator.
Benefits
The distributed model we proposed has many advantages over classical approaches to the control of movement. A lumped scheme relies on the computation of a de-sired displacement signal, and then on comparing that signal with an estimate of the current displacement. Our model is less complex, because it does not require computation of either of those signals, and thus does not require a comparator to produce a motor error signal. Instead, the CB simply learns to associate a certain pattern of inputs with a specific site of initial activation. The task of computing the desired displacement is thus reduced to a simpler, pattern recognition task.
Classic schemes are also very sensitive to noise, because some temporally coded signals (e.g., desired displacement) are outside the feedback loop. Thus, noise on those signals propagates to the output. Our model makes extensive use of spatial codes, so fluctuations in single cell discharges have very little effect because the outputs of both the SC and the CB are the sum of the activity of a huge number of neurons. The only element sensitive to noise is the pulse generator (FIG. 1, MLBN) , where the discharge level is very high and the noise across neurons is likely to be correlated. However, that signal is under direct feedback control, and so such fluctuations are automatically compensated.
Finally, a common characteristic of all classic models is that they are made up of computationally complex modules, and thus have almost no resistance to failure. If any one element goes, the ability to make saccades is lost. More importantly, each module is so complex that, if it were to fail, it would be almost impossible for another structure to take over its functions. Even lumped models with adaptive controllers can only compensate for simple changes in the gain of the circuit; they cannot overcome structural changes (e.g., caused by lesions). In contrast, in our scheme the situation is very different; virtually any block (except the pulse generator) could be destroyed without causing massive deficits. For example, if the SC were damaged, the FEF could still provide the target location to the CB. Then, all that would be needed to evoke saccades would be another mechanism to shut off the OPNs; reinforcing the existing connections between FEF and the OPNs might be sufficient. If the cerebellum were lesioned, things would be slightly worse, as the complexity of its function would make it impossible for another structure to replace it. However, the effects would not be devastating for vision. The system would become purely feed-forward, so the accuracy, and consistency, of saccades would be lost. But at least saccades could still be made, and if the lesion were limited to only the vermis, some recovery, at least in the average behavior, would still be possible. The ability to compensate for the motion of a target would also be lost, but that is not a big loss, as saccades wouldn't be accurate anyway. Only combined damages to at least two structures would completely obliterate saccades; but, as the FEF, LIP, SC and CB are far apart, it is highly unlikely that a lesion could do so without being fatal to the individual. Of course, destroying the pulse generator in our model creates a complete failure of saccades, but this is consistent with experimental results; lesions of the paramedian pontine reticular formation (PPRF) do eliminate saccades. 46, 47 Thus, our model's resistance to failure can be ascribed to three factors: first, no single block is vital to the functioning of the circuit. Second, functionality is distributed across areas that are far apart in the brain. And third, the structure is such that one pathway (through the superior colliculus) provides a motor drive in retinal coordinates that is good enough for survival, while the other pathway (cerebellar) improves the movement's accuracy and consistency.
Generalization
The roles of the SC and CB proposed here may not be unique to saccadic eye movements, but may be generalized to other motor systems. We hypothesize that the role of sensory cortical areas is to select what to do, which implicitly triggers action unless it is vetoed. 48 The role of the cerebellar cortex is to learn to associate different sets of inputs (sensory information, state of the organism, desired behavior) with different initial starting points on a pilot map. The role of the pilot map, formed by the cerebellar cortex and deep nuclei, is to guide the ongoing behavior, using feedback to cause an evolution of the behavior from its initial to its final state. Therefore, the transformation from sensory to motor reference frames occurs implicitly, during the movement, in the cerebellum. There need be no explicit spatial-to-temporal transform, as proposed by Robinson. 13 
CONCLUSION
This neuromimetic model is significantly different from earlier models of movement control. Not only is it more successful at simulating behavioral and neuronal events, it suggests new hypotheses about the function of brain areas in the control of movement. First, it de-emphasizes the role of the superior colliculus in the control of saccades. The SC functions to select targets and initiate movements, but it neither steers nor stops them. Second, it suggests a new role for the cerebellum: it controls the movement by setting the initial locus of activity on the pilot map, and then using feedback to guide the movement. This role is non-computational, in the sense that it does not use explicit signals for physical variables, such as desired saccade vector and current displacement, from which an error signal must be computed. Nor does it use explicit kinematic models (inverse or forward). Instead, learning and pattern recognition replace these classical computations with mass action, or network properties, of neurons. Furthermore, no module explicitly performs a normalizing spatial-to-temporal transformation to obtain an explicit temporally encoded signal of the desired eye displacement. The STT is an emergent property of velocity feedback onto a dynamic spatial map.
